Danish patients with malignant melanoma: a population-based cohort study. Oncogenic driver mutations in patients with non-small-cell lung cancer at various clinical stages Results: Of 488 patients with NSCLC, 28 had EML4-ALK fusions. Female, young age (<60 years old), and nonsmoker patients had significant greater mutation frequencies than male, old age (≥60 years old), and smoker patients, respectively (P<0.05). Of 392 patients with NSCLC, 13 had PIK3CA mutations and 3 had MEK1 mutations. EML4-ALK, PIK3CA, and MEK1 mutations were mutually exclusive. EML4-ALK fusion was found to be of coexistence with EGFR and KRAS mutations in two cases. In stage IA NSCLC, EML4-ALK-positive patients had longer DFS than EML4-ALK-negative patients (P = 0.04). However, in stage IIIA NSCLC, EML4-ALK-positive patients had poorer DFS than EML4-ALK-negative patients (P < 0.01). Moreover, multivariate analysis indicated that in stage IIIA NSCLC EML4-ALK fusion was the only significant indicator for poor DFS (P < 0.001). Furthermore, tumors with EML4-ALK fusions had significantly higher levels of ERCC1, a molecule with a key role in platinum drug efficacy, than tumors without EML4-ALK fusions. † These authors contributed equally. Conclusion: EML4-ALK, PIK3CA, and MEK1 mutations occurred in NSCLC with various distinct clinicopathological characteristics. EML4-ALK fusions could serve as a significant prognostic indicator for locally advanced NSCLC.
introduction
Non-small-cell lung cancer (NSCLC) represents the major type (∼80%) of lung malignancies with a poor 5-year survival rate of ∼15%. Multiple genetic and epigenetic aberrations are involved in the development of NSCLC [1] . Of these abnormalities, oncogenic driver mutations cause constitutively activated signaling pathways that lead to uncontrolled cell growth and proliferation. A number of oncogenic driver mutations have been identified in NSCLC, including genes encoding for epidermal growth factor receptor (EGFR), K-ras (KRAS) and anaplastic lymphoma kinase (ALK), etc. These genetic aberrations provide specific molecular targets for therapeutic intervention, in addition to being of prognostic value. Several such targeted therapies, including EGFR tyrosine kinase inhibitors (erlotinib and gefitinib) and ALK inhibitor (crizotinib), have shown significant clinical efficacy in treating patients with NSCLC harboring corresponding gene mutations [2, 3] . While the prevalence and associated clinical characteristics of EGFR and KRAS mutation in NSCLC have been extensively studied in both western and eastern populations [4, 5] , newly identified driver mutations such as ALK rearrangements in NSCLC are obtaining great amount of research attention [6] [7] [8] [9] . Fully understanding of molecular aberrations of cancer is critical to personalizing treatment.
The fusion of ALK to the gene encoding echinoderm microtubule-associated protein-like 4 (EML4) as a result of inversion of chromosomal 2p leads to enhanced ALK expression and its kinase activity, which in turn activates several downstream signaling pathways including the Rasextracellular signal-regulated kinase (ERK) pathway [10] . EML4-ALK fusion has been observed in 5.7% of western NSCLC and in 2.9%-6.7% Asian patients with NSCLC [6, 7] . Administration of ALK-specific inhibitor crizotinib to patients with NSCLC with EML4-ALK fusion resulted in an overall response rate of 57% and estimated probability of a 6-month progression-free survival rate of 72% [3] .
Activating mutations in PIK3CA, the gene encoding the catalytic subunit p110α of phosphatidylinositol 3-kinase, have been found in many types of malignancies including NSCLC, breast cancer, and colorectal cancer [11, 12] . There are mainly five hot-spots of point mutations in PIK3CA, three in exon 9 and two in exon 20 [13] . As a result of these activating mutations, the downstream AKT pathway is deregulated, leading to enhanced MAPK (ERK1/ERK2) activities that promote cell growth and proliferation. Similarly, as the immediate upstream regulator of MAPK pathway, mutant MEK1 also results in aberrant MAPK pathway activities, often found in NSCLC [14] . Several small molecules specifically targeting mutant PIK3CA and MEK1 have entered into clinical trials and showed promising clinical efficacy [15, 16] .
Previously we developed a quantitative PCR-based assay to address the prognosis issue of patients with early-stage nonsquamous NSCLC following surgical tumor resection [17] . To gain comprehensive understanding of oncogenic driver mutations and their associated clinicopathological characteristics in various stages of NSCLC, in the present study, we set out to investigate the mutations of ALK, PIK3CA, and MEK1, their coexistence with EGFR and KRAS mutation, and their relationship with clinical outcome in a large cohort of Chinese patients with NSCLC. Furthermore, to examine relationship between EML4-ALK fusion and platinum-based adjuvant chemotherapy efficacy, we investigated the expression levels of excision repair cross-complementation group 1 (ERCC1), a molecule with a key role in platinum drug efficacy, in EML4-ALK fusion-positive NSCLC.
patients and methods

patients and tumor tissue samples
Four hundred eighty-eight consecutive patients with NSCLC who underwent radical surgical resection of primary lung cancer were enrolled in this retrospective study. All of these patients were admitted into the First Affiliated Hospital of Guangzhou Medical University from January 2007 to December 2010 and had pathologically confirmed diagnosis. Tumors were staged pathologically according to the Union International Contre le Cancer (UICC-7) staging system for lung cancer [18] . No patients received any anticancer therapies before surgery. Most of the patients at locally advanced stage received two to four cycles of platinum-based adjuvant chemotherapy following surgery ( platinum-gemcitabine, navelbine, taxol, docetaxol, or pemetrexed). Following tumor resection, the patients were followed up every 3 months in the first 2 years and every 6 months in the next 3 years. Tumor recurrence was identified using radiological examination or biopsy. Disease-free survival (DFS) was measured from the day of tumor resection until radiological/biopsy-confirmed tumor recurrence or death. Formalin-fixed and paraffin-embedded (FFPE) primary tumor tissues collected in surgical resection were used, and were evaluated by pathologists to meet the criteria of containing at least 50% of tumor cells. Patients with insufficient or poor-quality tissue for molecular analyses were excluded from this study. This study was approved by the Institutional Review Board of the First Affiliated Hospital, Guangzhou Medical University, Guangzhou, China.
mutation analysis
Genomic DNA and total RNA were extracted from FFPE tissues using QIAamp DNA FFPE Tissue Kit and RNeasy FFPE Kit (Qiagen, Germany), respectively. Mutations of EML4-ALK, PIK3CA, MEK1, EGFR, and KRAS were detected using commercially available kits from Amoy Diagnostics (Xiamen, China). All these kits were based on amplification refractory mutation system (ARMS) real-time PCR technology. The EML4-ALK kit detects nine fusions (variants 1, 2, 3a, 3b, 4, 4⍰, 5a, 5b, and 5⍰) [19, 20] . The PIK3CA kit detects five point mutations including E542K, E545K, E545D (all in exon 9), H1047R, and H1047L (both in exon 20). The MEK1 kit detects three point mutations at Q56P, K57N, and D67N (all in exon 2). The EGFR kit detects 29 mutations in exons 18-21, including T790M, L858R, L861Q, S768I, G719S, G719A, G719C, 3 insertions in exon 20, and 19 deletions in exon 19. The KRAS kit detects seven mutations including original articles Annals of Oncology G12D, G12A, G12V, G12S, G12R, G12C, and G13D. For the detection of EML4-ALK fusion, mRNA was first reverse-transcribed to cDNA. For the detection of PIK3CA, MEK1, EGFR, and KRAS mutations, genomic DNA was used. All detections were carried out following the manufacturer's protocol. To validate the ARMS-PCR results, all samples were tested for these mutations using direct DNA sequencing method. Briefly, DNA (cDNA for EML4-ALK) was PCR-amplified using a commercial kit (TaKaRa Biotechnology, Dalian, China), and the PCR products were sequenced by Sangon Biotech Co., Ltd (Shanghai, China).
immunohistochemistry
Tumor FFPE sections were used for immunohistochemistry (IHC) using an automated immunostainer (Leica Microsystems, Germany). Briefly, slides were heated for antigen retrieval, and endogenous biotin was blocked using a commercial kit (Leica Microsystems). Following incubation with primary anti-ERCC1 antibody (Maixin, China), antibody binding was detected using a commercial kit (Leica Microsystems). A semiquantitative H score was calculated for each slide based on the staining intensity and the proportion of positive nuclei as described by Olaussen et al. [21] . Tumors with an H score exceeding 1.0 were deemed to be ERCC1 positive [21] . All IHC slides were evaluated independently by two pathologists (PH and JJ).
statistic analysis
Fisher's exact test was used to assess the association between genotype and clinical characteristics. The Kaplan-Meier method was used to compare the DFS of patients with different genotypes. Cox multivariate proportional hazard model was used for survival analysis, and the hazard ratio (HR) and 95% confidence interval (CI) were calculated. The correlation between EML4-ALK fusion and ERCC1 positivity was examined using Pearson's chi-square method. All analyses were carried out using PASW Statistics 18.0 (IBM, Chicago, IL).
results
patient characteristics
There were 295 male and 193 female patients with NSCLC enrolled in this study, with median age of 60 years old (ranging from 18 to 85 years). Histologically, there were 349 adenocarcinomas, 101 squamous-cell carcinomas (SCC), and 38 other types (adenosquamous, large-cell, and sarcomatoid carcinomas). There were 258 patients received platinum-based adjuvant chemotherapy ( platinum-gemcitabine, navelbine, taxol, docetaxol, or pemetrexed). The clinicopathological characteristics of patients are summarized in Table 1 .
oncogenic driver mutations in NSCLC
In 488 NSCLC examined for EML4-ALK fusions using ARMS-PCR, we found 28 (5.7%) tumors harboring various forms of fusion. In stage IA patients (N = 134), the frequency of EML4-ALK fusions was 9.0%; and in stage IIIA patients (N = 165), the frequency was 5.5%. The major form of EML4-ALK fusion was E13;A20 (variant 1, 50%), followed by E6; A20 (variant 3a/3b, 29%), E20;A20 (variant 3, 14%), and E18; A20 (variant 5⍰, 7%) ( Table 2 ). In 392 NSCLC specimens with sufficient DNA for PIK3CA mutation testing, 13 were positive (3.3%), including one at stage IA (1.7%) and eight at stage IIIA (5.1%). About half of the mutations occurred in exon 9 (E545K and E542K) and half in exon 20 (H1047L and H1047R) ( Table 2 ). There were three samples detected with MEK1 mutations in 392 tumors (0.8%), one at stage IB and two at stage IIIA (Table 3) . The results obtained using ARMS-PCR were consistent with that obtained using direct DNA sequencing, except one EML4-ALK fusion-positive sample detected using PCR was negative by sequencing analysis.
In NSCLC, the frequency of EML4-ALK fusions varied in different age, sex, smoking status, and histological type subgroups (Table 3 ). In patients younger than 60 years old, there were 7.9% of tumors harboring EML4-ALK fusions, significantly greater than that in patients at or older than 60 years old (3.6%) (P < 0.05). In female patients, 9.8% had EML4-ALK fusions, significantly greater than that in male patients (3.1%) (P<0.05). In nonsmoker patients, 8.2% had EML4-ALK fusions, comparing with 2.6% in smoker patients (P < 0.05). There were 7.2% of adenocarcinomas harboring EML4-ALK fusions. In contrast, only 2.0% of SCC contained EML4-ALK fusions. Pathological examination of EML4-ALK fusions-positive tumors revealed that 69% of them were invasive mucinous adenocarcinomas (Figure 1 ). In addition, there was one case of adenosquamous carcinoma being EML4-ALK fusion positive. original articles
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In NSCLC tumors, we found that EML4-ALK, PIK3CA, and MEK1 mutations were mutually exclusive. However, one EML4-ALK fusion-positive tumor was found harboring EGFR activating mutation (L858R), and another EML4-ALK fusionpositive tumor was found harboring KRAS mutation (G12A). The concurrent EGFR mutation and EML4-ALK fusion occurred in a female, 64-year-old, nonsmoker patient with adenocarcinoma at stage IA. The concurrent KRAS mutation and EML4-ALK fusion occurred in a male, 57-year-old patient with adenocarcinoma at stage IIA (smoking history unavailable).
Interestingly, unlike EML4-ALK fusions that occurred more often in early stages than late stages of NSCLC, PIK3CA mutations occurred more often in late stages (IIB and IIIA) than in early stages (IA and IB) NSCLC (P = 0.011). In smoker, male, or patients with SCC NSCLC, PIK3CA mutations rates were greater than that in nonsmoker, female, or patients with adenocarcinoma, though the differences did not reach statistical significance (Table 3) . As a relatively rare event, MEK1 mutations were detected in three cases of 392 NSCLC: two males and one female, two SCC and one adenocarcinoma, and two nonsmokers and one smoker (Table 3) .
clinical outcome of patients with NSCLC with oncogenic driver mutations
To elucidate the relationship between the occurrence of oncogenic driver mutations and clinical outcome of patients with NSCLC, we analyzed the DFS of patients with or without the gene mutations analyzed. In stage IA NSCLC, all of the 12 (100%) EML4-ALK-positive patients were still alive without relapse; however, 29.5% of EML4-ALK-negative patients had recurrences of lung cancer within 5 years following tumor resection surgery. EML4-ALK-positive patients had significant longer DFS than EML4-ALK-negative ones (P = 0.04) (Figure 2A ). Interestingly, in stage IIIA NSLCL, EML4-ALKpositive patients had poorer DFS than those EML4-ALKnegative patients (median DFS 6 versus 16 months, P = 0.0057) ( Figure 2B ). For PIK3CA mutation, because of the small sample size of mutation-positive patients in early stage of NSCLC, we only analyzed the survival of patients in stage IIIA. The result showed that there was no significant difference in DFS between patients with PIK3CA mutant and wild-type NSCLC ( Figure 3A) . Of the three patients with MEK1 mutations, one case at stage IB without adjuvant chemotherapy had no relapse for 26 months after tumor resection, and two cases at stage IIIA relapsed 2 and 18 months after surgery, respectively.
Because of the similar sample sizes for EML4-ALK and PIK3CA mutation-positive patients in stage IIIA NSCLC, we examined the differences in DFS for these two subgroups of patients. The results showed that EML4-ALK-positive patients were associated with poorer DFS compared with PIK3CA mutation-positive patients (6 versus 21 months, P = 0.02) ( Figure 3B) .
To test the prognostic value of these oncogenic driver mutations, we used multivariate Cox proportional hazard model to analyze the significance of gene mutations in patient's survival. The factors included in the model were sex, age, smoking status, histology type, adjuvant chemotherapy, and ALK or PIK3CA mutation status. The results revealed that in stage IIIA NSCLC, EML4-ALK fusion was the only significant prognostic factor for poor survival (HR = 4.0, 95% CI 1.8-8.6; P < 0.001). No significant prognostic factor was identified in any other stages of NSCLC (supplementary Tables  S1 and S2 , available at Annals of Oncology online).
the association between EML4-ALK fusion and ERCC1 expression
Because of the significant difference in survival for patients with locally advanced NSCLC with or without EML4-ALK fusions, and most of these patients received platinum-based adjuvant chemotherapy, we examined ERCC1 expression levels in tumors with or without EML4-ALK fusions. ERCC1 protein was mainly detected in the nuclei of tumor cells as revealed by IHC. In EML4-ALK-positive tumors that had sufficient tissues for IHC study (N = 20), 14 of them (70%) were ERCC1 positive. In EML4-ALK-negative tumors that had sufficient EML4-ALK fusion-negative patients had statistically significant longer DFS (log-rank test, P = 0.006).
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tissues for IHC study (N = 360), 157 of them (43.6%) were ERCC1 positive. EML4-ALK-positive tumors had significantly higher levels of ERCC1 than EML4-ALK-negative tumors (P = 0.021) (supplementary Table S1 , available at Annals of Oncology online). discussion Molecular profiling of cancer is crucial for tailoring therapy for patients. A number of genetic abnormalities have been clinically proven to be excellent therapeutic targets or indicators for drug resistance in NSCLC. In the present study, we investigated the mutations of multiple oncogenes in a relatively large group of patients with NSCLC, and particularly analyzed their associations with clinical outcome of patients at different stages of this malignance.
EML4-ALK rearrangements represent a small but important fraction of oncogenic driver mutations in NSCLC. Similar to previous studies with limited number of patients, our present data showed that EML4-ALK rearrangements occurred more frequently in female, younger age, and nonsmoker patients. The mutation frequency of ALK (5.7%) found in the present study was close to that reported for Japanese and Korean NSCLC, but much lesser than that reported for the western patients with NSCLC (11.3%) [6, 22, 23] .
Previous studies have mainly focused on studying ALK rearrangements in adenocarcinomas of the lung, but little has been known in SCC. In current study, we identified that 2% of SCC of the lung harbored EML4-ALK fusions, suggesting that it should not be ignored to detect ALK aberrations in this histological type of NSCLC. Pathologically, we found that 69.5% of EML4-ALK fusion-positive adenocarcinomas showed mucinous pattern, a histological feature of NSCLC for EML4-ALK fusions and with a poor clinical outcome [24, 25] . Although there has been a consensus that in NSCLC, ALK rearrangements occur mutually exclusively with EGFR or KRAS mutations, we found two cases of coexistence of EML4-ALK rearrangements with EGFR or KRAS mutations.
Unfortunately, we cannot specify whether the coexistence of these oncogenic mutations occurred in the same or different tumor cells. Nevertheless, in addition to reflecting the complexity nature of tumors, our data might suggest the necessity of simultaneously administrating multiple targeting drugs in treating a single tumor, which harbors multiple oncogenic driver mutations.
The occurrence of oncogenic driver mutations in different stages of malignance may have different clinical significances. In the present study, the majority of EML4-ALK fusionpositive patients were in stage IA and IIIA. In stage IA NSCLC, patients with EML4-ALK fusions had a better DFS than those without EML4-ALK fusions. Surprisingly, it was totally opposite for stage IIIA patients in that those with EML4-ALK fusions had shorter DFS than those without EML4-ALK fusions, and EML4-ALK fusion was the only independent prognostic factor for poor survival. These results were different from those reported by Fukui et al. [8] and Shaw et al. [9] , which did not find significant differences in DFS or overall survival between patients with ALK fusion-positive and ALK fusion-negative NSCLC. This discrepancy could be attributed to the fact that, unlike their studies, our study stratified patients into specific stages for the analysis of DFS.
In the present study, we found that EML4-ALK-positive tumors had higher levels of ERCC1 than EML4-ALK-negative tumors. ERCC1 is a key molecule involved in DNA damage repair. Several lines of evidences have suggested that high levels of ERCC1 are associated with longer survival of patients with in early-stage NSCLC but resistance to platinum-based chemotherapy in patients with late-stage NSCLC [26, 27] . These are in agreement with the findings of present study that, comparing to EML4-ALK-negative patients, EML4-ALKpositive stage IA patients had better survival, but EML4-ALKpositive stage IIIA patients had poorer survival. Nevertheless, the mechanisms underlying the relationship between ALK rearrangement and ERCC1 expression need to be further investigated. It would also be desirable to validate our results using an independent, large cohort of patients with NSCLC. original articles
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Previously Ludovini et al. reported that in advanced-stage NSCLC, PIK3CA mutation was an indicator of poor survival and resistance to EGFR TKI [28] . In the present study, however, we did not find PIK3CA mutation as a significant prognostic factor for patients with stage IIIA NSCLC. While the differences in clinical settings between our study and theirs may have contributed to the discrepancy in results, the prognostic significance of PIK3CA mutation in NSCLC needs to be further investigated.
As a rare event in NSCLC, MEK1 mutations occurred in three (0.8%) tumors in our study. Two of these three tumors were SCC. Together with the data for PIK3CA mutations, our results may indicate that there could be a preference in oncogenic driver mutations in the development of adenocarcinoma versus SCC. Moreover, as several specific drugs against mutant PIK3CA and MEK1 are currently in clinical trials (www.clinicaltrial.gov), it is expected that, as for EGFR mutations, detection for PIK3CA and MEK1 mutations in NSCLC will become imperative in choosing appropriate targeting therapeutics for treating this malignance.
In summary, in the present study, we found that a set of oncogenic driver mutations defined the corresponding subsets of NSCLC with distinct clinicopathological characteristics. Particularly, EML4-ALK fusions could serve as a significant prognostic biomarker for locally advanced stage NSCLC. Our study would offer help in further understanding the molecular aberrations of NSCLC, which is critical to personalizing management for this malignance.
